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NOMENCLATURE 
A Aqueous phase hydrochloric acid concentration, 
moles/liter 
C Constant vector. Equation 7 
D Coefficient matrix. Equation 7 
E Solvent flow rate into extractor, liters/min 
Ej Solvent flow rate from stage j, liters/min 
E(t) Solvent flow rate set by controller. Equation 19, 
liters/min 
E_(t) Dynamic compensation term of predictive control 
model. Equation 17 
E Steady state gain term of predictive control 
^ model. Equation 14, liters/min 
E (t;E ) Predicted value of solvent flow rate. Equation 17, 
P ® liters/min 
E Solvent flow rate into extractor. Equation 17, 
liters/min 
E Desired set point value for solvent flow rate, 
^ liters/min 
F Feed flow rate, liters/min 
H Aqueous phase holdup, liters 
h Organic phase holdup, liters 
I Measured input variable. Equation 15 
K Distribution coefficient. Equation 5 
O Output variable. Equation 15 
Re . Samarium recovery 
Rp Raffinate purity 
S Aqueous phase flow rate, liters/min 
V 
t Time, min 
V Total stage volume, liters 
X Aqueous phase rare-earth concentration, moles/ 
liter 
Xp Extract purity 
X^ Total aqueous phase rare-earth concentration, 
moles/liter 
Y Organic phase rare-earth concentration, moles/ 
liter 
Yij, Total organic phase rare-earth concentration, 
moles/liter 
Greek 
a Flow ratio (=S/E) 
P Flow ratio (=E/(S+F)) 
B. . Separation factor 
If] 
e Deviation of output variable from its set point 
T Time constant 
&t Numerical integration time increment 
Subscripts and Superscripts 
i Rare-earth component 
j Stage number 
f Feed stage 
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INTRODUCTION 
Solvent Extraction 
Solvent extraction is a separation process in which 
two immiscible phases come in contact with one phase se­
lectively removing differing amounts of each of the ex-
tractable materials, or solutes, from the other phase. A 
common example of such a process is the contacting of an 
organic solvent phase with an aqueous phase containing 
several solutes. The measure of the phase selectivity for 
a particular solute is the distribution coefficient. It 
is defined as the ratio of the solute ' s organic phase con­
centration to the solute's aqueous phase concentration. 
The ease with which two solutes can be separated is meas­
ured by their separation factor, which is equal to the ratio 
of their distribution coefficients. The further the sep­
aration factor is from unity the easier it is to separate 
the two solutes. 
The process of solvent extraction is an important 
method for the separation of rare-earths. It is important 
because it has advantages over the older methods of frac­
tional crystallization and ion exchange. Fractional crys­
tallization, although capable of producing high purity rare-
earths, is no longer of commercial irr^ortance because of the 
time consuming nature of the process and the associated high 
operating costs. Therefore, the two processes of commercial 
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importance are solvent extraction and ion exchange. 
Several articles and books (28, 4, 5) have qualita­
tively compared these two processes. The authors of these 
references conclude that solvent extraction has the follow­
ing advantages: it can operate on very concentrated solu­
tions, it has large throughputs with small plants, and it 
is a continuous process and thus capital and operating costs 
are usually lower. The disadvantages are that close control 
must be exercised to obtain high purities and the plants are 
usually inflexible because they are designed for a given 
separation. Ion exchange on the other hand must work with 
less concentrated solutions, capital and operating costs are 
high because of the batch nature of the process, and it 
usually requires a number of months to cranplete a given 
separation; however, ion exchange equipment is more flex­
ible and higher purities can be obtained by this process 
than with solvent extraction. 
Solvent extraction does have a number of advantages 
over ion exchange, however, it does not have the advantage 
in the in^rtant area of product purity. For solvent ex­
traction to compete in terms of purity rigid control must 
be exercised on the extractor. 
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Extractor Control 
For many years feedback control has been an acceptable 
means of control for chemical processes. The one problem 
with feedback control is that action to correct an upset in 
an input variable is not taken until the effect of the upset 
is sensed in the output. Therefore, for a process with 
large dead times or transport delays such as an extractor, 
feedback control may not be an adequate means of regulation. 
The type of control needed for a process like an extractor 
is predictive control. 
Predictive or feedforward control is a control method 
where corrective action is initiated at the time of the up­
set so that the output variable can be maintained at its 
set point. The change in the measured input variable is 
fed to a model of the process which calculates the new value 
for the control variable which will hold the output variable 
at its set point. The process model consists of a steady 
state gain term and very often a dynamic compensation term. 
The steady state gain term gives the steady state value for 
the control variable that will eliminate any final offset 
in the output variable. Dynamic compensation is included 
in those cases where transients in the output variable which 
result from using only a steady state gain term are too large 
and must be eliminated or reduced. 
There are various methods of obtaining the predictive 
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control model. In this work the steady state gain term was 
a linear regression equation which was obtained using data 
from a steady state analysis of the extractor. The dynamic 
compensation portion of the predictive control model was 
determined frcan measured input and control variable dynamic 
response information. This dynamic response information was 
used to determine a transfer function relating the control 
variable to the measured input variable. 
A feedback trimmer was also included in the control 
scheme to eliminate any final offset in the output variable. 
Since the steady state gain term was a linear approximation 
to the actual system the calculated steady state value for 
the control variable would not return the output variable to 
its desired set point after an upset without the feedback 
trimmer. 
A desirable feature of this predictive control method 
is that the mathematics associated with the control scheme 
are very simple. The scheme is such that it can be imple­
mented with a small control computer. 
Rare-Earths 
Rare-earths, or lanthanides, comprise the series of 
chemically similar elements with atomic numbers 57 through 
71. These elements have nearly identical chemical prop­
erties in an aqueous solution. Thus the separation of rare-
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earth mixtures into their individual components has drawn 
much attention. 
A great deal of rare-earth research has been concerned 
with determining the extraction characteristics of the rare-
earths with various solvents and in determining the equi­
librium relationships for the rare-earths with these sol­
vents. The equilibrium relationships are usually complex 
because of the interaction effects the rare-earths have on 
each other in solution. The distribution coefficient for 
a particular rare-earth in a mixture of rare-earths is 
usually a function of not only its own aqueous phase con­
centration but also the aqueous phase concentration of the 
other rare-earths in the mixture. It is the equilibrium 
relationships that are needed in designing extractors as 
well as in studying their dynamic response and control 
characteristics. 
Many new engineering applications for rare-earths have 
been found (13, 15, 28). Some of the more important uses 
are as alloying agents with metals to impart certain de­
sirable qualities such as hardness, tensile strength, im­
pact strength, etc. In the petroleum industry they are 
being used as catalysts. The high neutron-absorption cross 
section characteristics of several rare-earths have led to 
their use in control rods in nuclear power generators. Be­
cause of these and other uses the demand for rare-earths is 
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expected to increase in the future (23). 
The rare-earth system studied in this work was 
CeClg-NdClg-SmCl^-HCl-HgO. The solvent used was di-
(2-ethylhexyl) phosphoric acid, D2EHPA, in Amsco Odorless 
Mineral Spirits. The extractor separates samarium into 
the extract stream and cerium and neodymium into the raf-
finate stream. The. equilibrium relationships for this 
system were determined by loannou et al. (14). 
Objectives 
The objectives of this work were to develop a simula­
tion of the extractor and to obtain the predictive control 
model using results from the simulation. Two requirements 
of the simulation were that it handle actual rare-earth 
equilibrium data and that it include flow rate lags to ac­
count for the transport delays in an extractor. The ob­
jective of the control study was to obtain a predictive 
control model that would control the extractor for iooth feed 
concentration and feed flow rate changes. The control cri­
teria were that samarium purity in the extract and samarium 
recovery both remain above the 99 percent level. 
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REVIEW OF RELATED WORK 
Extractor Simulation 
Research on the analysis and simulation of extraction 
columns was started about twenty years ago. Most of the 
early studies were concerned with continuous contact ex­
tractors such as spray, packed or pulsed columns and not 
stagewise ones like mixer-settlers. 
A thorough review of the literature on the analysis 
and simulation of extraction systems preceding 1968 was 
presented in an article by Pollock and Johnson (24). All 
the articles reviewed were concerned with simple columns 
with both feed input and product removal at the ends; none 
were concerned with center fed extractors. None of the 
numerical studies reviewed pertained to mixer-settler ex­
tractors. Because of the absence of studies on center fed 
extractors and because of the scarcity of control studies, 
Pollock and Johnson (24) felt that the direct application of 
the works reviewed to commercial extractors was difficult. 
One of the first numerical studies of the transient 
response of an end fed, mixer-settler extractor was carried 
out in 1966 by Halligan and Snutz (11) who studied the start­
up behavior of the extractor. Four models for the flow 
characteristics in the extractor stages were used in the 
study. Calculated and experimental results were compared 
and it was found that the model which gave the best agreement 
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with the experimental results assumed perfect mixing in the 
aqueous phase of the settling chamber and plug flow in the 
organic phase of the chamber. The responses based on all 
four models tended to converge to the same response as the 
number of stages were increased. 
The first study of the dynamic response of a center 
fed, mixer-settler extractor was reported by Lowe (17) in 
1967 as part of a study of optimum startup and shutdown 
procedures for an extractor processing nuclear fuels. The 
purpose was to study nuclear criticality safety problems 
during transient periods of operation. The extractor was 
simulated by a set of unsteady state material balances and 
also allowed for the inclusion of experimentally determined 
equilibrium relations. Considering the sin^licity of the 
model used, Lowe obtained reasonable agreement between cal­
culated and experimental concentration profiles following 
an upset in the extractor. 
Erskine (10) simulated the dynamic response of a center 
fed, mixer-settler extractor separating rare-earths in the 
first predictive control study of an extractor. The simula­
tion allowed for variable flow rates and holdups but used 
a linear approximation to the equilibrium data. The ability 
of the simulation to move the extractor from one steady 
state to another was demonstrated. 
A more detailed simulation of a mixer-settler extractor 
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was done by Cadman and Hsu (3). The simulation was based 
on differential equations which described the mixing and 
settling chambers of each stage separately. Nonlinear ' 
models for both constant and nonconstant holdups in the 
mixing and settling chambers were presented. The frequency 
domain method of solution recpaired the linearization of all 
models. The mathematics associated with the simulation were 
quite complicated and the application of this method to an 
extractor with many stages would be difficult. 
Other extraction studies were by Souhrada et al. (26) 
who were the first to study extractor startup behavior using 
a stagewise contact model with nonideal stages and backmix-
ing, and Cheng (8) who demonstrated the usefulness of un­
steady state simulations in the design of an extractor. 
Predictive Control 
Predictive control was used in this work to control 
the extractor. The classical presentation of predictive 
control theory was by Bollinger and Lamb (1, 2). Their 
articles presented an analytical derivation of the pre­
dictive control equations from the differential equations 
describing the system. The restrictions placed on the dif­
ferential equations were that they be linear and time in­
variant. Applications of this predictive control theory 
to various chemical processes were presented by Bollinger 
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and Lamb (1, 2 ) ,  Tinker and Lamb (27), and Luyben and Lamb 
(21). 
Haskins and Sliepcevich (12) and Luyben (20), in their 
control studies of chemical reactors, showed that Bollinger 
and Lamb's (1, 2) requirement of a linear dynamic model was 
not necessary in order to obtain an analytical solution for 
the predictive control equations from nonlinear dynamic 
models. They compared the results from the nonlinear theory 
to those from the linear theory and discussed the differences. 
Haskins and Sliepcevich (12) concluded that the linear theory 
predictive models were able to give good control for even 
the severest disturbances and they recommended the use of 
the nonlinear theory only in those cases where the process 
simulation was not very accurate. On the other hand, Luyben 
(20) considered the use of the nonlinear theory to have im­
proved the predictive control responses. 
Lupfer and Parsons (18) and MacMullin and Shinskey 
(22) present predictive control schemes for a distillation 
column where the steady state gain term was based on a column 
material balance. The dynamic compensation term was de­
termined from a study of actual dynamic responses of the 
column. Both control schemes were implemented on actual 
distillation columns and improvements in both column opera­
tion and economic return were considered excellent. 
Other studies concerned with the predictive control 
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of distillation columns were reported by Luyben (19) who 
was concerned in this study with the dependence of the steady 
state gain term on feed composition, and by Distefano et al. 
(9) whose predictive control equation for reflux ratio was 
determined by placing restrictions on the nonlinear process 
model. 
The first predictive control study of a mixer-settler 
extractor was done by Erskine (10). Two different predictive 
control schemes were presented in this work. Both methods 
were based on a steady state analysis of the extractor. The 
first used a linear regression model which predicted the 
steady state value for the output variable corresponding to 
the measured input variable upset. The predicted value for 
the output variable was sent to a controller which generated 
a value for the control variable. The other method used a 
linear regression model which predicted the steady state 
value for the control variable. No dynamic compensation of 
this model was done. However, a feedback trimmer was in­
cluded to eliminate any final offset in the output variable 
which results from inaccuracies in the steady state gain 
model. The predictive control schemes, using reflux ratio 
as the control variable, were shown to give considerable 
improvement over feedback control. 
Another predictive control study of an extractor was 
by Cadman and Hsu (3). Predictive control transfer functions 
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were theoretically designed using linearized transient 
models of the process. The study was only partially suc­
cessful because of problems encountered in accurately cal 
culating the control variable from the control transfer 
functions. 
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THEORY 
Extractor Simulation 
The nonlinear, time varying differential equations 
necessary to describe a mixer-settler extractor were de-r 
rived by making an unsteady state material balance around 
a typical extractor stage, j, and assuming ideal stages. 
This assumption is supported by the work of Rahn and Smutz 
(25) and others who have shown experimentally that stage 
efficiencies of nearly 100 percent can be obtained in a 
well-designed mixer-settler extractor. 
Other assumptions made in the derivation were that the 
flow rate responses could be described by first order lags, 
that the total holdup in each stage was constant, that the 
holdup of each of the phases within the stage was propor­
tional to the flow rates, and that the steady state flow 
rates did not vary from stage-to-stage. 
The unsteady state material balance for component i 
in stage j, shown in Figure 1, can be written as, 
Hj A ^ i,j + ^ i,j A A ^ i,j + ^ ij A 
= ^j-A,j-l " ®j^i,j - ®j^i,j ^j+A, j+1 + F *1 
(1) 
In this equation the individual phase accumulation terms 
have been differentiated to give the concentration and 
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FEED 
x/f 
J "j 
_JE_ 
Ej ORGANIC PHASE 
HOLDUP = hj Yi,j+1 
Sj.| AQUEOUS PHASE 
xy-i HOLDUP : Hj Xi.i 
EXTRACTOR STAGE 
Figure 1. General stage of a mixer-settler extractor 
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holdup derivatives. The last term in the equation is zero 
for all stages except the feed stage. 
Because the equations were solved by numerical integra­
tion, it was necessary to rewrite them in a form suitable ' 
for computation. Using a backwards finite difference approx­
imation, the two concentration derivatives in Equation 1 can 
be written. 
dt 
d ^ _ ^i,j,t+6t " ^i,j,t (2a) 
t+6t 
- Y. 
y. 
dt ^i,j 
i,j/t+6t i,j/t 
t+5t 
The holdup derivatives are left in differential form and 
calculated by a procedure explained later. These finite 
difference approximations can be substituted into Equation 
1, and the result rearranged to give, 
^j,t+ôt^i,j,t ^j,t+ôt^i,j,t ^t+6t*i,t+6t 
t+ôt 
*ï,j-l,t+6t 
+ [Hj + 6t(Sj + ^  Hj)] 
+ [hj + ôt(Ej + ^  h^)l 
^i,j,t+6t 
t+ôt 
^i,j,t+6t 
t+ôt 
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+ [-ôt Ej^^] 
^i,j+l,t+6t ' 
t+6t 
An additional subscript has been added to indicate time de­
pendence. ïhis equation has been written so that all the 
concentrations on the left hand side, LHS, except the feed 
term, are evaluated at t and those on the right hand side, 
RHS, at t+ôt. The coefficients on the RHS and the feed 
terms are evaluated at t+ôt because a backward difference 
approximation was used. 
The distribution equation, 
^i,j,t = ^i,j,t^i,j,t ' 
can be used to eliminate the organic phase concentrations 
from Equation 3. The distribution coefficients in Equation 
4 are dependent upon the aqueous phase rare-earth.concen­
tration and the aqueous phase acid concentration and can 
be represented in functional form as. 
The calculational procedure for K. . . will be discussed 1/ J # ^  
later in the section on the description of the rare-earth 
system. Using this definition for the distribution coef­
ficients, Equation 3 becomes. 
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(^^j,t+ôt ^t+ôA,t+ôt 
= [-ôt Sj_i]l %i,j_i,t+6t 
It+ôt 
+ 6t(Sj + E.Kj^ j +^H. +-â#Ki j)] 
dhn 
*l,j,t+6t 
t+ôt 
+ [-ôt Ej+iK^ 
^i,j+l,t+6t * 
t+ôt 
The only unknown quantities in Equation 5 are the 
aqueous phase rare-earth concentrations and the distribution 
coefficients. The flow rates, holdups, and holdup deriva­
tives evaluated at t+ôt are known because they are found 
from relations presented below which are independent of 
Xi j and j A siitqole direct iteration between 
X. . 4., 5,4. and K. . .... can then be used to find the con-i/J#t+ôt i/j/t+ôt 
centrations after each time step. 
Since Equation 6 applies to each stage of the extractor, 
it represents a set of i x j simultaneous algebraic equa­
tions which can be written as, 
£i = gi Xi . (7) 
Here is a constant vector which represents the LHS of 
Equation 6, Xj^ is the concentration vector, and is the 
matrix of coefficients of the concentrations. The matrix 
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is tridiagonal and the method of Thomas as presented in 
Lapidus (16) can be used to solve for the X. . . . . 
The aqueous and organic flow rate responses were as­
sumed to be represented by first order lags, 
E dEj 
Organic Phase; Tj - Ej , (8a) 
JO , 
Aqueous Phase- S J _ „ „ v 
Nonfeed Stage: j dt j-1 ~ j ' 
Here the t's are the time constants. These differential 
equations can be solved numerically to find the change in 
flow rates following an upset in the column. 
The total volume in each stage was assumed constant 
and the holdup of each phase was assumed to be proportional 
to the flow rates. Under these conditions the expression 
relating the aqueous phase holdup to the total stage volume^ 
V, and the organic phase holdup of stage j is, 
Hj = V - hj . (9) 
Differentiation of this equation with respect to time shows 
that one holdup derivative is the negative of the other so 
it is necessary to calculate only one holdup derivative. The 
derivative dHj/dt can be determined by using the definition 
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of holdup, Hj/ in terms of flow rates, The aqueous phase 
holdup is calculated by multiplying the total stage volume 
by the ratio of all the aqueous flows into the stage to 
the total flow into the stage. The mathematical expression 
for Hj is, 
Sj n . V 
Nonfeed Stage: H. = -7% 7—= r (10a) j (Sj_i + Ej+i) 
(S. , + F) . y 
Peed Stage: = (S^_^ + + f) ' (1°%) 
Differentiating these equations with respect to time gives 
Equations 11a and lib which can be used to obtain the holdup 
derivatives. 
Nonfeed Stage: 
dSi , dS. , dE. 
aHj .. (Sj_l + Bj+l' • V • - Sj_l • V • 
iti: 
+ Vi'' 
(11a) 
Feed Stage: 
dS n dS. , dE, 
^ + ^J4.1 + F) • V—^ _(Sj_i + F).V. (-^ + -gl) 
" (Sj_i + Ej+1 + 
(lib) 
20 
The flow rate derivatives needed here are obtained from 
Equation 8. 
As mentioned earlier the distribution coefficient, 
K. . ./ is a function of the aqueous phase rare-earth con-
1/ J / "C 
centration and the aqueous phase hydrochloric acid concen­
tration. The acid concentration in each stage is not con­
stant because for each mole of rare-earth extracted into 
the organic phase, approximately three moles of acid are 
added to the aqueous phase due to the extraction reaction. 
Therefore a nonsteady stage aqueous phase acid balance is 
required in the simulation. 
The unsteady state acid balance for stage j is. 
-  S . A .  - 3*(| ^  %i,j)Bj (12) 
Equation 12 can be converted into a useful computational 
form by differentiating the LHS and using forward finite 
difference approximations for the rare-earth and acid 
concentration derivatives, 
Aj,t+ôt = + 2)t[-^ A . _ ^  - Hj Aj,t 
±Ut^. 
H. dtJ 
t 1 
(13) 
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Predictive control 
Predictive or feedforward control is a method of con­
trol whereby corrective action to maintain an output vari­
able at its set point value can be initiated as soon as an 
upset is sensed in any measured input variable. In contrast 
to predictive control, feedback control requires that the 
output variable deviate from its set point before any action 
can be taken to restore it to the set point position. 
In most applications, feedback control is adequate for 
chemical process regulation. It is also usually the most 
economical control strategy to use. However, for systems 
with large time constants or with long dead times it may be 
useful to employ a predictive control system where inputs 
which are expected to change are continuously monitored. 
When a change occurs in a measured input, this change is 
fed to a model of the process and a new value of the control 
variable computed which will hold the output of the process 
at the desired value. Predictive control is more restrictive 
than feedback control because it can only control upsets in 
those input variables that are measured. If there are 
changes in unmeasured input variables which effect the out­
puts, these must be controlled by feedback control. 
Predictive control models may consist of two distinct 
parts. One is a steady stage gain term and the other a 
dynamic term. The steady state gain term gives the final 
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steady state value for the control variable which is needed 
to eliminate any offset in the output variable due to a 
change in measured input variable. If the predictive con­
trol model contains only a steady state term, then the con­
trol action consists of moving the control variable im­
mediately to its new confuted value following a change in 
the input variable. This will produce transient effects 
in the output. If these transients are not sufficiently 
large to be considered detrimental, then a steady state 
predictive control model is adequate. If, however, the 
transients are important, then dynamic consensation must 
be added to the control model. 
In this study the measured input variables were feed 
concentration and feed flow rate. The control variable was 
the solvent flow rate, and the output variables were sa­
marium purity in the extract stream; X^, and samarium re­
covery, Re. The control criteria used was that both ex­
tract purity and samarium recovery be kept at values greater 
than 99 percent. 
In classical predictive control theory there is a re­
quirement that there be the same number of control variables 
as there are output variables. However in this work it was 
possible because of the nature of the system studied to 
have two output variables, extract purity, and samarium 
recovery. Re, but only one control variable, solvent flow 
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rate, E. These unique characteristics will be explained 
below. 
Steady state gain 
The steady state gain term used for the predictive con­
trol model in this work was obtained fitting a linear 
regression equation to the response surface relating steady 
state solvent flow rate as a function of samarium feed con­
centration, feed flow rate, recovery, and extract purity. 
The form of the equation is, 
Ep = + V + ' (14) 
where the a^ are the linear regression coefficients. The 
data needed to calculate the regression coefficients were 
obtained by choosing three values of E, Xg^ and F in the 
neighborhood of the desired steady state and solving the 
extractor simulation equations to find the corresponding 
steady state values of and Re for all combinations of 
these points. 
Equation 14 relates the control variable to the measured 
input variables and the output variables. In a predictive 
control equation the values for these output variables must 
be their set point values. 
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Dynamic compensation 
Dynamic compensation was added to improve the transient 
response of the extractor and control system. To obtain the 
necessary information for developing this term the open loop 
response of the output variable must be known for an upset 
in the input variable and in the control variable. Figure 
2 shows hypothetical response curves for these two upsets. 
The curves have been normalized in terms of the output vari­
able so that the steady state gain for the approximating 
transfer function that must be found for each curve is unity. 
The form of the approximating function depends on the nature 
of the response curve. For the response curves shown in 
Figure 2 the functions may be chosen as, 
# = 11^  ' 
îfîf - (1 + TgS) (1 + T^S) ... • (ISb) 
The response curve for the control variable upset resembles 
a first order response with an initial dead time. The S-
shaped curve for the measured input variable is best ap­
proximated by a higher order transfer function. In most 
cases the determination of the best approximating transfer 
function is a trial and error procedure. 
After the transfer functions have been obtained they 
too 
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Figure 2. Hypothetical response curves 
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must be combined to eliminate the output variable and obtain 
a new transfer function relating E(s) tol(s). This is done 
by dividing Equation 15b by 15a giving, 
E(s) ^  (1 + TpS) _ 
itiy- (1 + TqS)(i + Tj.s)... • (iG) 
Equation 16 is the final dynamic transfer function. 
It is then inverted into the time domain, using a step upset, 
1/s, for I(s), to give thé solvent flow rate, E, as a func­
tion of time, . The steady state gain for this trans­
fer function is again unity because the steady state gains 
for the transfer functions from which it was determined were 
unity. This dynamic term is combined with the steady state 
gain predictive control term to give the control variable 
change as a function of time, 
Ep(t;Es) = Eg - EjjCt) • (E^ - E^) . (17) 
Here E^ is the value of E at the time it was sensed that a 
measured input variable had changed. The dynamic term mul­
tiplies the difference between the E at the time of the up­
set and its predicted value. The difference is used because 
the flow rate must be changed from E^ to E^. 
The steady state gain term in Equation 17 is not an 
exact model of the steady state characteristics of the ex­
tractor around the desired operating point. It is a 
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linearized approximation obtained by a least squares fit 
of the response surface. Thus the value of calculated 
from Equation 1 ' ./ill probably not give the exact value of 
solvent flow rate needed for the upset and some final offset 
in the output variable can be expected. A feedback trimmer 
was included in the control scheme to eliminate this offset. 
Proportional-integral control was used for the trimmer. The 
equation for the feedback trimmer is, 
®T^^'V ^ + lAi J Edt (18) 
o 
where e is the amount the output variable deviates from its 
set point. 
The complete equation for the control model is, 
E(t) = Ep(t;Eg) + . (19) 
E(t) is the solvent flow rate set by the flow controller 
on the extractor, 
Calculational Procedure 
The calculational steps given below represent the 
sequence followed when the predictive control model is used 
to correct for a step change in one of the measured input 
variables. The extractor simulation equations are used to 
represent the extractor. 
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1. Begin the calculation with known steady state values 
for the aqueous phase rare-earth and acid concentra­
tions, the feed concentrations and feed flow rate, 
and the stage flow rates and holdups. 
2. Obtain values for the initial distribution coef­
ficients, K. . ., from Equation 5. 
1/ J /  ^  
3. Introduce an upset by changing the value of one of 
the measured input variables. 
4. Calculate the new flow rates and holdups at t+6t 
from Equations 8 and 10, 
5. Determine the flow rate derivatives and the holdup 
derivatives from Equations 8 and 11. 
6. As a first approximation to the distribution coef­
ficients at t+6t, which are unknown, use the values 
at t to calculate the coefficients and in 
Equation 7, but on all successive iterations use 
the values calculated from the previous iteration 
as the assumed values for the distribution coeffi­
cients at t+6t and calculate the coefficients 
and D.. 
=1 
7. Using the method of Thomas find j from 
Equation 7. 
8. From Equation 13 calculate the acid concentration, 
^j,t+6f 
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9. Determine the new calculated value for j 
using ^ t+6t step 7 and Aj from step 8. 
10. Con^are the assumed and calculated values for 
K. . X.. C4. and determine if corresponding distribu-1#J/ wtOW 
tion coefficients have converged to within a 
specified tolerance. 
11. If the distribution coefficients have not con­
verged repeat steps 6 through 10 using the distri­
bution coefficients calculated in step 9 as the 
new estimate for the coefficients. If they have 
converged calculate thé values of the output vari­
ables . 
12. Use the steady state material balance equations. 
Equation 1 with the derivatives equal to zero, to 
see if the extractor transient has damped out. 
13. If the steady state equations are satisfied the 
calculations are stopped. If they are not sat­
isfied, reinitilize the rare-earth concentrations, 
acid concentrations, and distribution coefficients 
so that the calculation procedure can be repeated. 
14. Use the control equation. Equation 19, to calculate 
a new value for solvent flow rate. 
15. Repeat the calculational procedure starting with 
step 4. 
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In step 12 the extractor steady state material balance 
equations were used to determine if the transient response 
had damped out. This method made it possible to use the 
unsteady state equations to determine steady state values 
for extractor output variables from an arbitrary set of 
input variables. This technique was also used to obtain 
the data from which the coefficients for the predictive 
control steady state gain equation were calculated. 
When using the simulation to determine steady state 
conditions steps 3 through 5 and step 14 were left out of 
the calculational procedure. These steps were needed only 
when dynamic or controlled responses were desired. 
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DESCRIPTION OF RARE-EARTH SYSTEM, EXTRACTOR, 
AND EXTRACTOR CHARACTERISTICS 
The Rare-Earth System 
The rare-earth feed in this study was a mixture of 
cerium, neodymium, and samarium chlorides in an HCl solu­
tion. The solvent was di-(2-ethylhexyl) phosphoric acid, 
D2EHPA, in Amsco Odorless Mineral Spirits. Mathematical 
expressions for the equilibrium data were determined by 
loannou et al. (14). 
The equilibrium relationships for this system are 
con^lex, as they are for most other rare-earth systems. 
Individual rare-earth organic phase concentration is not 
only a function of its own aqueous phase concentration but 
also a function of the concentrations of the other rare-
earths and of the acid concentration. These characteristics 
make correlation of the equilibrium data very difficult. 
The procedure devised by loannou et (14) to de­
termine the rare-earth organic concentrations from known 
values of the aqueous phase concentrations is as follows: 
1. Compute the quantity Yf = f(X^, A) at X^ and X^ 
reference. Y| is the single component organic phase con­
centration assuming all the rare-earth in the aqueous phase 
vas rare-earth species i and x_ is the total rare-earth 
concentration in the aqueous phase. 
2. Confute Y^, the total rare-earth concentration in 
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the organic phase, for the Sm-Nd binary system at and 
reference. 
3. Compute for the ternary system at X,p and X^ 
reference. 
4. Use the separation factor B. . to find Y. from Y„ 
J  ^ J-
ternary. The separation factor is the ratio of the distri­
bution coefficients for components i and j. A large j 
would mean that con^onent i is extracted into the organic 
phase more easily than ccar^nent j. îhe separation factor 
is not actually a constant, but its variation over the 
range of concentrations in this work is small enough to 
assume it to be constant, "fhe values for j are, 
Psm,Ce ~ 
Psm,Nd = 
^Nd,Ce~ 2-16 
5. Finally, compute the individual rare-earth distri­
bution coefficients, K. . = Y. ./X. .. 
i / J  I f  J  i / J  
The Extractor 
The extractor simulated in this study was a 14 stage, 
center fed, mixer-settler extractor. The flow patterns for 
the rare-earths in the extractor are shown in Figure 3. 
Samarium is removed in the extract stream and the cerium and 
neodymium in the raffinate stream. In the extract section. 
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Figure 3. Plow patterns of the rare-earths in the extractor 
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which corresponds to the stripping section in a distilla­
tion column, nearly all of the samarium and some of the 
cerium and neodymium is extracted into the organic phase. 
This organic phase then enters the scrub section, which 
corresponds to the rectifying section in a distillation 
column, where most of the cerium and neodymium and a little 
samarium is back-extracted into the aqueous phase thus 
leaving an extract stream containing almost pure samarium. 
The rare-earth feed concentrations were chosen to rep­
resent a monazite ore from which the thorium, lanthanum, 
and some of the cerium have been removed by previous sep­
aration steps. The concentrations of the rare-earth 
chlorides in the feed were, 
= 0.5 moles/liter 
= 0.375 moles/liter 
Xg^ = 0.375 moles/liter 
The feed acid concentration was 0.5 moles/liter—an average 
of the values used by loannou et (14) in the determina­
tion of the equilibrium data. The feed flow rate was 5.0 
liters/min. 
The concentrations of di-(2-ethylhexyl) phosphoric 
acid, D2EHPA, in the solvent stream was 1.0 mole/liter and 
the hydrochloric acid concentration in the scrub stream was 
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0.5 moles/liter. 
With the number of stages, feed conditions, and solvent 
and scrub stream concentration specified the unsteady state 
extractor simulation was used to determine steady state 
solvent and scrub flow rates that would give the desired, 
separation. The procedure consisted of picking values for 
the flow ratios, a and p, and then calculating the cor­
responding steady state values for extract purity and 
samarium recovery. The flow rate ratios determined were, 
a = 0,87 
P = 1.0 
The corresponding solvent and scrub flow rates were, 
E = 38.46 liters/min 
S = 33.46 liters min 
For the above operating conditions the values of the 
two output variables were, 
Xp = 99.28% 
Re = 99.96% 
Extractor Characteristics 
There are certain characteristics associated with this 
extraction process which, along witu ths control specifica­
tions placed on the output variables, made it possible to 
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control two output variables with one control variable. 
These properties were noticed during examination of the 
data used in the calculation of the coefficients of the 
predictive control steady state gain equation. The data 
showed that if either samarium feed concentration, Xg^, or 
feed flow rate, F, decreased from their desired operating 
values that extract purity, X^, fell but that samarium re­
covery, Re, rose. Conversely it was noticed that if either 
input variable increased then Re fell and rose. This 
can be explained as follows. 
Consider a decrease in the samarium feed concentration. 
Since there is less isamarium to be removed, there is now 
an excess amount of solvent available and thus nearly all 
the samarium and a larger proportion of the neodymium and 
cerium are extracted into the organic phase. This allows 
samarium recovery to rise slightly but lowers extract pur-
f ity. For an increase in Xg^ more samarium enters the ex­
tractor but there is not enough solvent to remove it all. 
Therefore some of it leaves in the raffinate stream and the 
recovery is lowered. The extract purity rises slightly 
because the higher samarium concentrations in the aqueous 
phase allow less cerium and neodymium to be extracted into 
the organic phase. 
The above characteristics were part of the reason why 
only one control variable was needed. In addition, the 
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control requirements were that both output variables be 
maintained at values greater than the 99 percent level and 
not at specified set points. If the control requirements 
had been the latter, it would have been impossible to con­
trol the extractor with just one control variable. 
This control scheme of using one control variable to 
control both output variables can probably be applied to 
other extraction systems. Similar output variable char­
acteristics have been noticed in results from the steady 
state analysis of an actual extractor. Casto's (6, 7) 
steady state analysis of a rare-earth extractor showed 
that for a feed flow rate decrease that extract purity 
fell but that raffinate purity rose. Just the opposite 
effects were observed for a feed flow rate increase. In 
doing extractor control studies characteristics such as 
these should be looked for to simplify the control scheme. 
The effect on the output variables of a change in the 
control variable was also important to the control study. 
If samarium feed concentration and feed flow rate were 
maintained at their desired operating values and if solvent 
flow rate, E, was decreased then samarium recovery fell 
and extract purity rose. If E was increased the opposite 
effects were noted. Therefore, if a measured input variable 
change occurred that lowered samarium recovery then solvent 
flow rate was increased to control the upset. If solvent 
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flow rate had been decreased both it and the upset would 
have had the effect of lowering samarium recovery. In a 
similar manner if an upset occurred that lowered extract 
purity then solvent flow rate was decreased. 
One other point must be mentioned concerning extrac­
tion characteristics. Equation 14 shows that the predictive 
control steady state gain equation is a function of the 
f 
samarium feed concentration, and not the feed concen­
trations of either cerium or neodymium. the reason for 
this was that changes in the latter feed concentration 
terms had a very small effect on extract purity and 
samarium recovery. This is because most of the cerium 
and neodymium remain in the aqueous phase as they pass 
through the extractor. To simplify the steady state gain 
equation the cerium and neodymium feed concentrations were 
not included. 
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CONTROL STRATEGY 
The control diagram for the predictive control of the 
mixer-settler extractor is presented in Figure 4. The ex­
tractor variables monitored by the con^uter are the feed 
and solvent flow rates and the compositions of the feed, 
extract and raffinate streams. The computer program input 
variables are feed flow rate, F, solvent flow rate E^, 
f 
samarium feed concentration, X_ , extract purity, X , and 
om p 
the purity of the combined rare-earths cerium and neodymium 
in the raffinate, R^. Extract purity and raffinate purity 
are calculated by the computer from the compositions of the 
extract and raffinate streams. 
The variables and R^ were needed for the feedback 
trimmer portion of the predictive control scheme. Extract 
purity was one of the output variables being controlled, 
but the other output variable was samarium recovery. Re, 
and not raffinate purity, R^. The reason raffinate purity 
was used instead of recovery was because recovery is cal­
culated from the steady state material balance and thus it 
cannot be calculated accurately during a transient period 
when the unsteady state material balance applied. Raffinate 
purity was therefore used as an estimate of recovery. This 
worked quite well since raffinate purity was directly a 
measure of the amount of samarium being lost. 
Because of the nature of the variables monitored by 
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the computer, it is impossible with a real extractor to 
continuously monitor these variables. Flow rate information 
is continuously available but the compositions of the various 
streams are not because of the time factor involved in the 
on-line chemical instrumental analysis. Therefore the con­
trol computer would be programmed to scan the extractor 
variables at a set time interval. 
When the computer scans the measured input variables 
it must check to see if their values have changed during 
the interval between scanning times. If the input variables 
have changed the predictive control scheme is reinitiated 
because each new measured input variable setting requires 
a new predicted value for the control variable. As long as 
the measured input variables remain constant the control 
variable setting only changes due to feedback trimmer action. 
When the predictive control scheme is initiated the 
first step is the calculation of the steady state gain term, 
Ep, using Equation 14. This value is then used in the dy­
namic predictive control equation. Equation 17, which gives 
the change in E as a function of time, E (t;E ). This 
P P S 
predicted value for the solvent flow rate is then combined 
in the predictive control equation. Equation 19, with a 
feedback trimmer to give the controller setting for the 
solvent flow rate as a function of time. 
The integral portion of the feedback trimmer was reset 
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to zero each time the predictive control scheme is initi­
ated. When the measured input variables are at their de­
sired operating values the feedback trimmer can act as a 
closed loop feedback controller to handle any deviations 
in the output variables which might occur because of 
unmeasured input variable changes. 
It was necessary to determine which output variable 
decreases for a particular upset. This variable was then 
used in the feedback trimmer calculation. The method used 
to determine the correct output variable is based on a 
comparison of the set point value for solvent flow rate, 
E , to the predicted value for solvent flow rate, E^, cal-
sp P 
culated for the upset. The steady state gain equation for 
f Ep is such that if both samarium feed concentration, Xg^, 
and feed flow rate, F, are at their desired operating values 
the calculated value of E^ will equal E^^. It is known 
from the analysis of the system that if an upset occurs 
that effects extract purity (a decrease in either Xg^ of 
P), E is calculated to be less than E . Therefore, when 
P ®P 
is less than E„^ extract purity is used as the trimmer p sp r J 
variable and when E„ is greater than E„^ raffinate purity P sp 
is used as the trimmer variable. 
The same procedure was used to determine which output 
variable to use as the trimmer variable in the case where 
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one measured input variable is greater than its desired 
operating value and the other less than its desired oper­
ating value. Simultaneous upsets of this form tend to can­
cel each other out. One upset causes more samarium to 
enter the extractor and the other causes less. Since 
is a measure of the effect of the individual upsets, it 
is also a measure of the effect of the combined upsets. , 
Thus, as before, the calculated value of is used to 
determine which output variable to use with the feedback 
trimmer. 
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RESULTS AND DISCUSSION 
Extractor Simulation 
In this study the unsteady state extractor simulation 
was used as a method of determining steady state operating 
conditions, as a means of studying the response character­
istics of the extractor, and as a stand-in for the real ex­
tractor in the control studies. 
The simulation was used in the extractor design phase 
to calculate steady state conditions. The number of stages, 
feed conditions, and the acid and solvent concentrations 
were set and the solvent and scrub flow rates were varied 
until output variable specifications were met. The desired 
operating conditions determined were presented in a previous 
section. Although these conditions were not optimum, for 
this was not the purpose of the work, they were in the range 
expected for such an extractor. The use of 14 stages was 
in line with the experimental work of Casto (6, 7) who 
studied the separation of rare-earths using both 10 and 20 
stage, laboratory scale, mixer-settler extractors. Hie 
solvent to feed ratio in terms of moles of D2EHPA per mole 
of rare-earth chloride, determined from the simulation was 
6.2/1 and for Casto's experimental study it was in the 
range of 6/1. Thus the extractor design is one that cor­
responds to existing extractors. 
Using the simulation to determine steady state 
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conditions was also done in the calculation of data for the 
predictive control steady state gain equation. It was used 
to calculate the values of the output variables correspond­
ing to different combinations of the measured input and 
control variables. 
The calculation of dynamic responses to input variable 
upsets is the common usage for this type of simulation. In 
this study responses to measured input and control variable 
changes were obtained and used in the determination of the 
dynamic compensation term, E^ft), for the predictive control 
model. It was not possible to con^are the calculated re­
sponses to actual responses from an extractor separating 
the rare-earth mixture used in this study. However, it was 
possible to compare the calculated response to experimental 
responses from an actual extractor separating a different 
rare-earth mixture under similar conditions. Casto (6) 
studied the dynamic characteristics of a 10 stage mixer-
settler extractor and his experimental response to feed 
flow rate upsets is shown in Figure 5. The simulated re­
sponse to similar upsets is shown in Figure 6. The response 
characteristics are similar thus indicating that the simu­
lation is giving realistic responses. 
For the control studies the simulation was used as a 
stand-in for the real extractor. A measured input variable 
was changed and the simulation allowed to respond while 
;/ 
Figure 5. Experimental response to changes in feed flow 
rate 
Steady State Flow Rate 3.69 ml/min 
Step Changes In Feed Flow Rate 
Time (min) Feed Flow Rate (ml/min) 
145 7.71* 
309 0.0 
*Flow rates held 10 minutes 
Figure 6. Simulated response to changes in feed flow rate 
Steady State Flow Rate 5.0 liters/min 
Step Changes In Feed Flow Rate 
Time (min) Feed Flow Rate (liters/min) 
0 6.0* 
500 4.0 
*Flow rates held 50 minutes 
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being monitored and controlled by the control program. The 
output variable responses are presented below in the dis­
cussion of predictive control. 
Solvent Flow Rate Predictive Control 
The equation for the steady state gain term of the 
predictive control model is, 
Bp = + ^2^ + =3^ + =4^= + ' '^O) 
The values for the regression coefficients, a^, are found 
in Table 1. The calculated value for a^ from the linear 
regression analysis is shown in parenthesis in Table 1. A 
corrected value for a^ is used in Equation 20, as mentioned 
in the control strategy, so that the calculated value for 
solvent flow, equals the desired set point value for 
solvent flow rate, E . Equation 20 would be the predictive 
sp 
control equation if dynamic compensation were not used. 
Control responses based upon this equation will be called 
steady state gain predictive control responses. 
The dynamic compensation transfer functions were de­
termined from dynamic responses to step changes in the 
measured input and control variables. All dynamic and con­
trol responses presented in this section are for step up­
sets unless mentioned otherwise. 
The open loop responses for samarium feed concentration 
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Table 1. Regression coefficients for E flow rate linear 
regression equation 
H 
1 73.8020 
2 5.5609 
3 -100.1670 
4 42.3115 
5 40.1155 (40.026) 
J? 0.97523 
decreases, feed flow rate decreases, and solvent flow rate 
decreases are presented in Figures 7, 8, and 9 respectively. 
As will be explained later, the responses for increases in 
these variables were not needed. The ordinate for the 
response curves is percent response-extract purity. 
The first step in the dynamic conç>ensation procedure 
was to obtain approximating transfer functions for the 
responses. Because of the 5-shaped nature of the measured 
input variable responses higher order transfer functions 
were needed to approximate the responses. A trial and error 
procedure was used to determine the transfer functions time 
constants. The procedure consisted of first inverting the 
transfer function into the time domain assuming a step upset 
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for the measured input variable. This gave an expression 
for extract purity, X^, as a function of the time constants 
and time. The time constants were then varied until the 
response approximated the actual response curves. 
The approximating transfer functions for the measured 
input variable upsets were. 
Samarium Feed Concentration Upset: 
(21a) 
^s) 
yf ~ (l + 15s) (1+30s) (1 + 40S) (1+45s) 
Peed Plow Rate Upset: 
(21b) Xp(s) „ 1 
P(s) ~ (1 + 35s)4 
The curves corresponding to these transfer functions are 
shown as dashed lines in the figures. It appears that these 
approximating functions do not fit the responses as well as 
they possibly could. However, the problem encountered with 
both of these approximating functions was that when they 
were made to fit well at small times they fit poorly at 
large times and when they fit well at large times they fit 
poorly at small times. The transfer functions chosen were 
those that tended to minimize the deviations at the ends. 
The procedure used for determining the approximating 
transfer function for the solvent flow rate, E, responses 
was somewhat simpler. These curves, shown in Figure 9, 
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resemble first order responses with initial dead times. 
The method used to determine the time constant and dead 
time for the approximating transfer function was based on 
the fact that for a first order response the dependent 
variable reaches 63.2 percent of its final value in one 
time constant and 86.5 percent of it in two time constants. 
With this information two simultaneous equations were 
written and solved to give the desired constants. The 
approximating transfer function was determined to be. 
This approximating function fit well at large times but 
the calculated dead time was about twice as large as it 
appeared it should be. However^ compared to the overall 
The dynamic compensation terms relating the control 
variable to the measured input variables were determined 
by dividing Equations 21a and 21b by Equation 22 giving. 
Samarium Feed Concentration Upset: 
(22) 
E(s) ~ 1 + 79s 
time of the response the deviation in the dead times was 
small. 
E(s) 
•f / (1 + 15s) (1 + 30s) (1 + 40s) (1 + 45s) 
ef7S(l+ 79s) (23a) 
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Feed Flow Rate Upset; 
#W. s e"^H-79s) _ (23b) 
(1 + 35s)* 
These esipressions were inverted into the time domain, as­
suming step upsets for the measured input variables, to 
obtain the dynamic terms, E^ft), used in Ec[uation 17, the 
dynamic predictive control equation. The positive sign of 
the exponential coefficient in the transfer functions in­
dicates that the response of E^Ct) must lead the measured 
input variable response by 27 minutes. Therefore, the time 
variable used in the equations for the dynamic terms, E^^(t), 
must be t+ 27, where t is the time measured from the start 
of the measured input variable upset. 
The dynamic term, Ep(t), obtained from Equation 22a 
was used in the dynamic predictive control equation to ob­
tain the controlled response for a 20 percent samarium feed 
concentration decrease. This response is shown as the 
lower curve in Figure 10. The calculated response for 
solvent flow rate, E (t;E ), from Equation 17 is the upper 
P s 
curve in Figure 11. Control was not very good because it 
allowed the extract purity response to drop below the 99 
percent level. The response was not even as good as the 
steady state gain predictive control response for the same 
upset which is shown in Figure 12. Dynamic condensation 
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had not in^roved the control at all. 
A clue to the reason for the failure of the dynamic 
compensation can be seen in the solvent flow rate response 
in Figure 11. At the start of the upset the initial change 
in solvent flow rate was an increase followed by an expo­
nential decrease. This initial increase in solvent flow 
rate was causing the poor response. To eliminate the solvent 
flow rate increase, the time constant in the numerator of 
Equation 23a was increased to give a smaller lag. 
Various values for the time constant were tried and a 
final value of 130 was chosen because the extract purity 
response corresponding to the adjusted transfer function 
oscillated about the extract purity set point before dropping 
to the final steady state value. This response is shown as 
the upper curve in Figure 10. With this new value the 
solvent flow rate response in Figure 11 no longer exhibited 
an initial increase. 
The dynamic compensation term, E^tt), based on the 
adjusted transfer function was, 
Eg(t) = 1 - 2.3e-<^+27)/15 + 40.0e-'^+27)/3O 
- 115.2e-"^+27)/40 ^  ,5_5^-(t:+27)/45 _ ,34) 
The question arises as to Why the original compensation 
transfer function did not give a better extract purity 
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response. It was probably because the transfer function 
was a combination of two transfer functions which were both 
approximations to a family of responses. 
Using dynamic cranpensation a predictive control re­
sponse was calculated, from Equation 19, and compared to a 
dynamic predictive control response and a steady state gain 
predictive control response. This comparison is presented 
in Figure 12 for the 20 percent samarium feed concentration 
decrease. The predictive response, because of the feed­
back trimmer, has eliminated the final offset of the dynamic 
predictive response. Comparing the dynamic predictive re­
sponse to the steady state gain predictive response shows 
that dynamic ccxnpensation was helpful in improving the con­
trol. However, the latter response is not bad, and if à 
feedback trimmer were used with the steady state gain equa­
tion the response would be acceptable in terms of the con­
trol requirements. 
The final comparisons for the samarium feed concentra­
tion upset are shown in Figure 13. This figure shows the 
advantage of predictive control over feedback control and 
compares both controlled responses to the uncontrolled re­
sponse. The predictive control response deviates only 
slightly from the extract purity set point but the feedback 
control allows extract purity to drop below the 99 percent 
level. 
1.000 
.995 -
.990 -
1 
o .985 
2 
PREDICTIVE CONTROL 
.980 -
.975 100 
^STEADY STATE GAIN 
PREDICTIVE CONTROL DYNAMIC PREDICTIVE 
CONTROL 
RESPONSES FOR 20% Sm 
FEED CONCENTRATION DECREASE 
_L 
200 300 400 
TIME, MIN 
500 600 700 
Figure 12. comparison of the three different forms of predictive control 
1.0 
.99 
.98 
>-
t 
te 3 
O- .97 
§ 
oc 
2 96 
.95 
/ 
FEEDBACK CONTROL 
UNCONTROLLED 
PREDICTIVE CONTROL 
RESPONSES FOR 20% Sm 
FEED CONCENTRATION DECREASE 
cr> 
.94 
J. 
100 200 300 400 
TIME, MIN 
500 600 700 
Figure 13 Responses showing the advantage of predictive control over feed­
back control and the uncontrolled response for a 20 percent 
samarium feed concentration decrease 
52 
The problem encountered with the dynamic condensation 
transfer function for a samarium feed concentration decrease 
was also encountered for a feed flow rate decrease. The 
transfer function. Equation 23b, was modified in the same 
130. This modification improved the dynamic predictive 
control response for the feed flow rate decrease as it did 
for a samarium feed concentration decrease. The modified 
dynamic compensation transfer function gave the following 
expression for the dynamic compensation terms, E^^(t), 
The predictive control curve for a feed flow rate de­
crease is shown in Figure 14, as well as those for feedback 
control and for no control. Again the predictive control 
response is much better than that for only feedback control. 
As mentioned earlier no dynamic compensation transfer 
functions were determined for either samarium feed concen­
tration or feed flow rate increase upsets. They were not 
used because steady state gain predictive control, and even 
feedback control, gave good control of either upset. A 
steady state gain predictive control response to a 20 percent 
way by changing the value of the numerator time constant to 
Ep(t) = 1 - e -(t+27)/35 n . t+27 . 1 ,t+27.^ LI + 35 + 2 ^ 35 ' 
(t+27)/35 
(25) 
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samarium feed concentration increase is shown in Figure 15. 
The feedback response was not included because it was so 
close to the predictive response. The same types of curves 
were obtained for a feed flow rate increase. 
The reason for the good control without dynamic compen­
sation can be inferred by comparing the uncontrolled response 
for the samarium feed concentration decrease presented in 
Figure 13 and the uncontrolled response for the samarium 
feed concentration increase presented in Figure 15. For a 
concentration increase the response is more delayed. That 
is, its initial rate of decay is much slower than that for 
the concentration decrease. Therefore, the controller has 
more time to respond to the increase upset and thus gives 
better control. 
The results presented have shown that predictive con­
trol is an excellent method of controlling the extractor. 
They have shown that dynamic compensation is useful in im­
proving the predictive control responses. The results have 
also shown that steady state gain predictive control is not 
a bad means of control, especially for the measured input 
variable increases. Therefore, in applying predictive con­
trol to chemical processes, one should first check to see 
if steady state gain control is able to give satisfactory 
control before applying any dynamic consens ation. 
The upsets discussed to this point have been single 
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Figure 15. Steady state gain predictive control response and the uncon­
trolled response for 20 percent samarium feed concentration 
increase 
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step changes of a measured input variable. What would hap­
pen if there were a sequence of changes in the measured in­
put variables? At present it would depend on the type of 
upset as to which dynamic compensation term would be used, 
if any. Also, if there were a simultaneous decrease in 
both samarium feed concentration and feed flow rate, how 
would the corresponding dynamic compensation terms be com­
bined to give the correct resulting compensation? 
These problans were resolved by using one dynamic com­
pensation. transfer function for all measured input variable 
upsets. The transfer function chosen was the one for a 
samarium feed concentration, decrease. The reason for 
this choice can be inferred from Figure 16. This figure 
shows dynamic predictive control responses for a samarium 
feed concentration upset using the P dynamic compensator. 
Equation 25, and a feed flow rate upset using the Xg^ dynamic 
compensator. Equation 24. The Xg^ dynamic compensator con­
trolled the feed flow rate upset better than the F dynamic 
compensator controlled the samarium feed concentration upset. 
For this reason the Xg^ compensator was chosen to be used 
for all upsets. 
The final curve, presented in Figure 17, is the con­
trolled response for a time varying samarium feed concen-
traction upset, also shown in the figure, using the Xg^ 
dynamic compensator and the control scheme outlined in the 
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control strategy section. The control program monitored 
the input variables every 5 minutes. The figure shows that 
the control of extract purity was very good. The raffinate 
purity response was not included because it deviated, only 
slightly from its desired set point. 
The predictive control model determined in this study 
has been shown to work well for controlling the mixer-
settler extractor. The model is simple enough in terms of 
the calculations involved that the control scheme could be 
implemented with a small control computer. The additional 
capital costs involved, over those for feedback control 
equipment, would be for the control computer and the compo­
sition analyzer on the feed stream. If the specifications 
on product purity and product recovery were very important 
this would not be too high a cost to pay for the improved 
operation of the extractor. 
The method used to obtain the predictive control model 
worked well. It has the advantage that it can be used for 
processes described by nonlinear, time varying, differen­
tial equations as was this extractor. None of the analyt­
ical predictive control procedures could be used with this 
simulation. This method is one that should see more use 
as the process simulations become more exact and compli­
cated. 
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Other Predictive Control Variables 
Before solvent flow rate was chosen as the control 
variable, the flow ratio a(=S/E) was used. Although a 
predictive control was a satisfactory means of control, it 
was abandoned in favor of solvent flow rate, E, predictive 
control because of the responses shown in Figure 18. With 
a control both solvent and scrub flow rates changed to 
facilitate control. However, it was determined that the 
scrub flow rate, S, change associated with a control could 
not be used alone to control the upset, as is shown in the 
figure, and that this change in S was hindering the a con­
trol. 
One effect that changing the scrub flow rate had on a 
control was found by comparing the flow rates corresponding 
to the responses in Figure 18. For the upset used in this 
comparison the change in the solvent flow rate for a control 
was over two liters/min greater than the change for E con­
trol; the desired operating value for solvent flow rate 
being 38.46 liter/min. This additional change in solvent 
flow rate for a control was needed to counteract the change 
in the scrub flow rate. Another advantage of E predictive 
control is that its response comes to steady state more 
rapidly than does the a response. This slowness of response 
on the part of a control was due again to the scrub flow 
rate change. 
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CONCLUSIONS 
The numerical integration method used in solving the 
unsteady state equations for the extractor gave dy­
namic responses similar to those obtained experimentally 
by other investigators. The iteration between the dis­
tribution coefficient and the aqueous phase rare-earth 
concentration converged without difficulty and the use 
of first order lags in the flow stream was a useful 
approximation to the physical response of those streams 
in a mixer-settler extractor. 
Predictive control was a more effective means of con­
trolling the mixer-settler extractor than was feedback 
control. The use of solvent flow rate as the control 
variable provided good regulation of the process. 
Because of the output variable characteristics of the 
extractor and the control specifications placed on the 
output variables, it was possible to control both out­
put variables with one control variable. Character­
istics of this type are sure to exist in other extrac­
tions and should be considered in carrying out a con­
trol study. 
The predictive control of the extractor using only a 
steady state gain model gave responses which met output 
variable specifications. However, the addition of dy­
namic compensation improved the predictive control 
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responses. 
5. The complexity of the calculations associated with the 
predictive control scheme are such that they could be 
implemented with a small control computer. 
6. The procedure used for obtaining the predictive control 
model works well for processes described by nonlinear, 
time varying, differential equations. It is a method 
that should be considered in doing any predictive con­
trol work. 
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